Commercial production of acarbose is exclusively via done microbial fermentation with strains from the genera of Actinoplanes. e addition of C 7 N-aminocyclitols for enhanced production of acarbose and concurrently reduced formation of impurity C by cultivation of A. utahensis ZJB-08196 in 500-mL shake �asks was investigated, and validamine was found to be the most effective strategy. Under the optimal conditions of validamine addition, acarbose titer was increased from 3560±128 mg/L to 4950±156 mg/L, and impurity C concentration was concurrently decreased from 289 ± 24 mg/L to 107 ± 29 mg/L in batch fermentation aer 168 h of cultivation. A further fed-batch experiment coupled with the addition of validamine (20 mg/L) in the fermentation medium prior to inoculation was designed to enhance the production of acarbose. When twice feedings of a mixture of 6 g/L glucose, 14 g/L maltose, and 9 g/L soybean �our were performed at 72 h and 96 h, acarbose titer reached 6606 ± 103 mg/L and impurity C concentration was only 212 ± 12 mg/L at 168 h of cultivation. Acarbose titer and proportion of acarbose/impurity C increased by 85.6% and 152.9% when compared with control experiments. is work demonstrates for the �rst time that validamine addition is a simple and effective strategy for increasing acarbose production and reducing impurity C formation.
Introduction
e -glycosidase inhibitor acarbose has been used in many countries in the therapy of diabetes type II, in order to enable patients to better control blood sugar contents while living with starch-containing diets. It is one of the latest successful products of bacterial secondary metabolism to be introduced into the pharmaceutical world market [1] [2] [3] [4] [5] . e structure of acarbose consists of an unsaturated cyclitol (valienol), a 4-amino-4,6-dideoxyglucose, and maltose (Scheme 1). e valienol and 4-amino-4,6-dideoxyglucose are linked via an amino bridge mimicking an N-glycosidic bond. is acarviosyl moiety is primarily responsible for the inhibitory effect on -glycosidases [6] [7] [8] .
So far, commercial production of acarbose is exclusively via microbial fermentation with strains from the genera of Actinoplanes. Many experiments including producer strain mutagenesis and screening, media formula, fermentation conditions, and acarbose isolation and puri�cation have been conducted in order to increase acarbose yield because of its high commercial value [1, [9] [10] [11] . However, major difficulties still exist in improving the yield of acarbose, leading to a high cost for its manufacture. Recently, Li et al. [12, 13] reported the medium optimization and scale-up strategy for acarbose fermentation by Actinoplanes sp. A56 and developed an optimized industrial fermentation processes for acarbose production, as a result about 5000 mg/L of acarbose was obtained. Our group has extensively studied the production of acarbose [14] [15] [16] [17] [18] . A high acarbose-producing mutant stain A. utahensis ZJB-08196 was isolated by mutagenesis and screening method [14] . Fed-batch fermentation with A. utahensis ZJB-08196 at elevated osmolality via intermittently feeding of necessary components regarding acarbose formation afforded a peak acarbose titer of 4878 mg/L [15] . By exogenous addition of S-adenosylmethionine (100 M) aer 12 h inoculation in fed-batch fermentation, the maximal titer of acarbose was obtained at 6113 mg/L [19] .
Besides acarbose, Actinoplanes sp. commonly produces an extensive series of acarviosyl containing acarbose-like components, including impurity A-H [17] . ese impurities differ in the number and type of glycosidic bonds which are attached to the acarviosyl core at the reducing and nonreducing ends. Impurity C is identical to that of acarbose except that the -1,4-D-glycosidic linkage of the maltose moiety in acarbose is replaced with a 1,1-linkage in impurity C (Scheme 1) [20] . Due to its high structural similarity to acarbose, impurity C is hard to separate. e puri�ed product still contains some contamination impurity C. Biosynthetic study demonstrated that impurity C was produced in excess during the later fermentation stage of Actinoplanes. It can be derived from acarbose. e , -1,4-linkage in the maltose moiety of acarbose can be converted to an , -1,1-linkage in the trehalose moiety of impurity C by glucosyltransferase [21] . Approximately 2300 mg/L of acarbose was produced along with 600 mg/L of impurity C by cultivation of Actinoplanes sp. CKD485-16 [20] . Actinoplanes sp. A56 produced approximately 5000 mg/L along with 530 mg/L of impurity C at the end of fermentation [13] . A low proportion of acarbose/impurity C makes the puri�cation of acarbose complicated. In order to simplify the separation process, one of the most promising methods is to increase the acarbose production and/or reduce the formation of impurity C by improving the proportion of acarbose/impurity C in the fermentation.
e C 7 N-aminocyclitols are structurally close to sugar moieties, which exhibit glycosidase and glucosyltransferase inhibitory effects [8] . ey may play an important role in the metabolic synthesis of acarbose and inhibit the generation of impurity C in fermentation process by Actinoplanes sp. In this work, the addition of validamine into the fermentation medium of A. utahensis ZJB-08196 was conducted to enhance production of acarbose and concurrently reduce the formation of impurity C in 500-mL shake �asks. e adding concentration and adding time of validamine on acarbose production were optimized. On the basis of above experiments, fed-batch cultivation of A. utahensis ZJB-08196 coupled with exogenous addition of validamine in fermentation medium was further investigated. e information obtained in this work would be helpful to industrial production of this important -glycosidase inhibitor, and validamine addition would be a novel and effective strategy for enhancing the acarbose fermentation. 3 , and NaOH were of analytical reagent grade purity. Peptone, agar, and soybean meal were obtained from commercial sources. Validamycin A, validamycin B, validamycin D, and validamycin E were separated from crude validamycins by an anion-exchange column packed with resin A600 (Purolite Co. limited, China) according to the method as described previously [22] . Valienamine and validamine were prepared by degradation of validamycin A with Stenotrophomonas maltophilia CCTCC M 204024 [23] [24] [25] [26] . e purities of these compounds were more than 98%. 
Materials and Methods

Microorganism and Cultivation
Conditions. e mutant strain A. utahensis ZJB-08196, which was screened by our lab and previously deposited at the China Center for Type Culture Collection (Wuhan, China) as CCTCC M 209022, was used for acarbose production [14] . is strain was stored as spore/mycelial suspensions in 15% 2 size from a freshly prepared agar plate was inoculated into a 500-mL shake �ask containing 100 mL of seed medium and cultivated at 28 ∘ C and 200 rpm for 72 h. e seed medium consisted of (g/L) corn starch 15, soybean �our 40, glycerol 20, CaCO 3 2.0, and K 2 HPO 4 0.5, with pH unadjusted. Batch and fed-batch fermentations were carried out by inoculating 10% (v/v) of the seed culture into 500-mL shake �asks containing 50 mL of fermentation medium at 28 ∘ C and 200 rpm. e basal medium for acarbose fermentation consisted of (per L) maltose syrup (containing 11 g/L glucose and 160 g/L maltose) 270 mL, glucose 40.0 g, soybean �our 17.0 g, sodium glutamate 5.0 g, CaCO 3 2.5 g, CaCl 2 2.5 g, FeCl 3 0.5 g, K 2 HPO 4 1.0 g, and glycerol 5.0 g, and the initial pH value was adjusted to 7.0.
Effect of C 7 N-Aminocyclitols Addition on Acarbose
Fermentation. Sterile-�ltered a�ueous solutions of C 7 Naminocyclitols (validamycin A, validamycin B, validamycin D, validamycin E, valienamine, and validamine) were added into the fermentation medium, respectively, to investigate the effect of different C 7 N-aminocyclitols addition on acarbose fermentation. e adding concentration and adding time of validamine on acarbose production were optimized. On the basis of above experiments, an optimal feeding strategy, coupled with exogenous validamine addition (20 mg/L), was performed for maximum acarbose production.
Analytical Methods.
Samples (5 mL) were centrifuged at 9,000 ×g for 15 min. e cell precipitates were dried at 80 ∘ C to a constant weight for determining dry cell weight (DCW) as the biomass. Acarbose titer and impurity C concentration in the supernatant were analyzed by using a Shimadzu CT0-10ASVP HPLC system according to the method as described previously [14] . Maltose was measured according to known methodologies [27] . Glucose in broth was measured with SBA-40E biosensor (Biology Institute of Shandong Academy of Sciences, China) aer dilution (10-100X) with deionized water. Medium osmolality was assayed using an Osmometer, Model 3250, (Advanced, USA) in accordance with the manual.
Statistical Analysis.
Each run of fermentation experiments was duplicated three times to ensure reliability and accuracy. Data are the average of three independent sample measurements. e error bars indicate the standard deviation (SD) from the mean of triplicates. Data were analyzed with Student's -test. e difference between contrasting treatments was considered signi�cant when is <0.05 in a two-tail analysis.
Results and Discussion
Time Courses of Acarbose Fermentation in Batch Culture of
A. utahensis ZJB-08196. e time courses for acarbose accumulation, substrate consumption, cell growth, and impurity C formation in batch culture of A. utahensis ZJB-08196 were �rstly investigated. Cultivations were performed in 500-mL shake �asks containing 50 mL of fermentation medium at 28 ∘ C and 200 rpm, and lasted for 216 h. e results were shown in Figure 1 . Glucose, as the most easily utilizable carbon source, was almost exhausted in 144 h. Maltose in the fermentation medium was used as an energy source and as a precursor for acarbose. It was found that maltose was consumed slowly in the early stage of fermentation. Aer glucose was exhausted, maltose was consumed dramatically, accompanied by the rapid accumulation of acarbose. It was utilized not only as the carbon source for cell growth because of the exhaustion of glucose, but also as the direct precursor for the biosynthesis of acarbose. e pH value was observed to be increased slightly throughout the fermentation process (from 7 to 8). e medium osmolality decreased from 680 mOsm/kg to 389 mOsm/kg along with the consumption of substrate. Biomass increased for up to 6 days. Acarbose formation began at the early growth stages, as a mixedgrowth-associated type of secondary metabolite in A. utahensis ZJB-08196, different from Actinoplanes sp. CKD485-16 [14, 20] . Aer 168 h of cultivation, acarbose titer reached the maximum value of 3 6 ± 128 mg/L. Impurity C, as a byproduct of the metabolism, began to accumulate from 72 h of cultivation with a remarkably increase aer 144 h. It is from 168 h that the concentration of impurity C increased continuously along with the decrease of acarbose. It may be explained that an intracellular or cell-bound glucosyltransferase in A. utahensis ZJB-08196 converts the -1,4-glycosidic bond to -1,1 of the reducing end glucose moiety of acarbose. At the end of cultivation (216 h), the impurity C concentration reached approximately 4 ± 1 mg/L. According to the fermentation pro�les, when the acarbose reached its highest titer (at 168 h), the concentration of impurity C was 289 ± 24 mg/L. It can be calculated that the proportion of acarbose/impurity C was only 12.32. As a byproduct, impurity C seems to be unavoidable. However, the higher concentration of impurity C produced in the fermentation added much pressure to downstream processing due to impurity C structural resemblance to acarbose. e US Food and Drug Administration and other regulatory agencies set strict limits on the content of impurity C ( 1.5 percent). To satisfy the mandatory re�uirements, the puri�cation methods utili�e complex process in which a step using a combination of the cation exchanger and the anion exchanger is repeatedly performed and a chromatographic step using the cation exchanger is further conducted [28] [29] [30] . e higher proportion of acarbose/impurity C in fermentation would not only make the acarbose puri�cation become simple, but also increased the product yield. It is very necessary to develop strategies to increase acarbose titer and/or decrease impurity C concentration to facilitate the downstream process by improving proportion of acarbose/impurity C.
Effect of Addition of C 7 N-Aminocyclitols on Acarbose Fermentation in Batch
Culture. e C 7 N-aminocyclitols exhibited physiological roles in almost all aspects of microorganisms due to their glycosidase and glucosyltransferase inhibitory activity [8, 21] . ey may affect the cell growth and metabolite accumulation in microorganism cultures. e spectrum of their biological activities is apparently broader than that was originally thought [8] . Our group has developed a method for the production of validamycin A, validamycin B, validamycin D, and validamycin E with anionexchange resin A600 and reported the protocol to prepare valienamine and validamine from validamycin A [22] [23] [24] [25] [26] . In this work, the effect of addition of C 7 N-aminocyclitols on acarbose fermentation was investigated. Validamycin A, validamycin B, validamycin D, validamycin E, valienamine, and validamine were added to the fermentation medium of A. utahensis ZJB-08196 at a �nal concentration of 80 mg/L prior to inoculation, respectively. e fermentations were carried out for 168 h in 500-mL shake �asks with 50 mL of fermentation medium at 28 ∘ C. e results were shown in Figure 2 . No signi�cant difference on acarbose titer and impurity C concentration was observed when validamycin B, validamycin D, and validamycin E were added to fermentation medium. Validamycin A, validamine, and valienamine can stimulate acarbose production and inhibit the impurity C formation. Biomass slightly increased aer 168 h of cultivation (data no shown). ese compounds might be involved with biosynthetic pathways of acarbose as activators and act as the inhibitor of glucosyltransferase. e highest acarbose titer of 4 9 ± 121 mg/L and lowest impurity C concentration of 1 1 ± 23 mg/L were obtained in the presence of validamine. Acarbose titer increased by 28.1%, and impurity C decreased by 65.7% compared with the levels in the absence of validamine. e proportion of acarbose/impurity C was improved from 12.32 to 45.14. e results indicate that validamine can be effectively used for enhanced production of acarbose and concurrently reduced formation of impurity C by cultivation of A. utahensis ZJB-08196. In the following experiments, the addition conditions were investigated about the positive effect of validamine on acarbose fermentation. 
Effect of Adding Concentration of Validamine on Acarbose
Effect of Adding Time of Validamine on Acarbose Fermentation in Batch Culture.
Validamine was added at 0 h, 24 h, 48 h, 72 h, 96 h, and 120 h at �nal concentrations of 20 mg/L and 40 mg/L to study the effect of its adding time on acarbose fermentation. e results were shown in Figure 4 . e addition time of validamine affected biomass. e biomass was increased by about 14% when validamine was added within 24 h aer inoculation. e addition of validamine at 20 mg/L or 40 mg/L at all the fermentation time in the range from 0 to 120 h can not only promote acarbose yield, but also reduce the formation of impurity C. About 23.6-39.0% increase in acarbose titer and 12.4-62.9% reduction in impurity C concentration were obtained as compared with control experiments. e addition of validamine at the beginning of the fermentation was bene�cial for the improvement of acarbose production and inhibition of impurity C formation. is �nding indicated that the response of acarbose biosynthesis to the addition time was closely related to the cellular physiological state of A. utahensis ZJB-08196.
Time courses of acarbose formation, maltose and glucose consumption, cell growth, and impurity C accumulation during batch cultivation of A. utahensis ZJB-08196 in fermentation medium with the addition of validamine at 20 mg/L at the beginning of fermentation were shown in Figure 5 . Acarbose titer reached the maximum value of 49 ± 6 mg/L at 168 h of cultivation. Impurity C began to accumulate aer 72 h and reached 1 8 ± 12 mg/L at 168 h of cultivation. Its concentration remarkably increased aer 168 h and increased continuously along with the decrease of acarbose. erefore, the optimum fermentation period was 168 h. e medium osmolality decreased from 680 mOsm/kg to 345 mOsm/kg. e result indicated that the addition of validamine will led to a lower osmolality in the late stage of fermentation compared with the experiments without the addition of validamine (398 mOsm/kg). Our previous work revealed that A. utahensis ZJB-08196 had a broad osmolality optimum between 309 mOsm/kg and 719 mOsm/kg [15] , which is quite different from those of Actinoplanes sp. SE50/110 [10] and Actinoplanes sp. CKD485-16 [20] . erefore, the slight decrease of osmolality due to the addition of validamine in the fermentation of A. utahensis ZJB-08196 may have no effect on the acarbose production and impurity C formation.
Effect of Addition of Validamine on the Acarbose Fermentation in Fed-Batch
Culture. Fed-batch culture is a common strategy in fermentation process to achieve good production [31] . Effect of addition of validamine on the acarbose fermentation in fed-batch culture was also investigated. Fedbatch fermentations were carried at 28 ∘ C and 200 rpm for 216 h with the addition of validamine at a �nal concentration of 20 mg/L prior to inoculation. A proper feeding mode with the reasonable component constitution was developed for the intermittent fed-batch fermentation process. In our previous work, effect of each component in the feed of basal fermentation medium has been evaluated to examine what components are necessary for acarbose synthesis. e results showed that maltose, glucose, and soybean meal are essential feed components. Feeding of a mixture of 6 g/L glucose, 14 g/L maltose, and 9 g/L soybean �our is suitable for acarbose biosynthesis [15] . We adopted the same feed composition in this work. Considering the acarbose and impurity C yield, as well as the length of fermentation period, effect of feeding time on the biosynthesis of acarbose and impurity C was examined at an interval of 24 h aer inoculation. e maximum acarbose titer was obtained when twice feedings of a mixture (5 mL) of 6 g/L glucose, 14 g/L maltose, and 9 g/L soybean �our was performed at 72 h and 96 h. e time course of fermentation was shown in Figure 6 . e validamine addition at the beginning of cultivation in fedbatch fermentation by A. utahensis ZJB-08196 accelerated the accumulation of acarbose greatly. A maximal acarbose titer of 6606 ± 103 mg/L was obtained at 168 h, which is increased by more than 33.4% compared to the batch culture. Impurity C began to accumulate aer 72 h and reached 212 ± 12 mg/L at 168 h of cultivation.
e comparison of the kinetic parameters of acarbose fermentation with different methods is shown in Table 1 . e results showed that the addition of validamine played a very important role in A. utahensis ZJB-08196 fermentation. On one hand, the addition of validamine in the fermentation broth promoted the consumption rates of glucose and maltose. e speci�c consumption rates of glucose and maltose increased by 4.4% and 15.1% in batch fermentation compared with the control experiments in the absence of validamine. In fed-batch fermentation, the speci�c consumption rates of glucose and maltose increased by 47.8% and 71.5%. On the other hand, the addition of validamine in the fermentation increased the maximum acarbose titer, acabose productivity, and proportion of acarbose/impurity C greatly. Compared with control experiments, the maximum acarbose titer, acarbose productivity, and proportion of acarbose/impurity C increased by 39.0%, 39.0%, and 275.5% in batch fermentations, respectively. As for fed-batch fermentations, the maximum acarbose titer, acarbose productivity, and proportion of acarbose/impurity C increased by 85.6%, 85.6%, and 152.9%, respectively. e regulative mechanism about validamine on acarbose production and impurity C formation by A. utahensis ZJB-08196 may be explained from two respects. On one hand, validamine is a glucosyltransferase inhibitor, which can inhibit the , -1,4-linkage in the maltose moiety of acarbose to convert to an , -1,1-linkage in the trehalose moiety of impurity C, thus reducing the formation of impurity C. On the other hand, validamine is involved with biosynthetic pathway of the acarbose as an activator. In order to discover the real mechanism of the effects of validamine on acarbose production and impurity C formation by A. utahensis ZJB-08196, we are working on the analysis of the transcription level of structural genes and global regulatory genes of acarbose and impurity C with the addition of validamine in fermentation medium by the cultivation of A. utahensis ZJB-08196.
e prevalence of diabetes, especially type II diabetes mellitus, is markedly increasing throughout the world [32] . Facing such an increasingly worsening trend, the research and production of diabetes drugs including acarbose are becoming more and more critical to reduce the healthcare spending [33] . Commercial production of validamine can be performed by microbial degradation of validamycin in one step fermentation with high yield [25] . Validamycin is one of the largest yield antibiotics. Its fermentation concentration reaches 30,000 g/mL broth, and its cost is very low. is shows that validamine can be obtained with cheap price. In addition, the amount of validamine added to the fermentation medium is very low (20 mg/L). erefore, the method of using validamine to enhance the production of acarbose and concurrently reduce the formation of impurity C is potential and hopeful in industrial application.
Conclusions
Acarbose, one of the most popular pharmaceuticals in the therapy of diabetes type II, is primarily manufactured using Actinoplanes sp. in a fermentation process. A higher acarbose titer and proportion of acarbose/impurity C in fermentation broth would facilitate the downstream process. e current study reveals for the �rst time that the addition of validamine is useful for the enhanced production of acarbose and concurrently reduced formation of impurity C by the cultivation of A. utahensis ZJB-08196, which would bring more convenience to product separation. Remarkable improvements on acarbose titer, acarbose productivity, and proportion of acarbose/impurity C were successfully achieved when 20 mg/L of validamine was added in the fermentation medium prior to inoculation both in batch and fed-batch cultures. e acarbose titer and acarbose productivity obtained in fed-batch culture in this work are the highest that have been reported for all the submerged fermentations of A. utahensis [10, 12-15, 19, 20, 27] . is simple and effective strategy would be of great value to acarbose production on commercial scale.
